Chromatin regulation through histone modifications plays an essential role in coordinated expression of multiple genes. Alterations in chromatin induced by histone modifiers and readers regulate critical transcriptional programs involved in both normal development and tumor differentiation. Recently, we identified that histone deacetylases HDAC1 and HDAC7 are necessary to maintain cancer stem cells (CSCs) in both breast and ovarian tumors. Here, we sought to investigate the CSCspecific function of HDAC1 and HDAC7 mechanistically by using a stem-like breast cancer (BrCa) cell model BPLER and matched nonstem tumor cell (nsTC)-like HMLER, along with conventional BrCa cell lines with different CSC enrichment levels. We found that HDAC1 and HDAC3 inhibition or knockdown results in HDAC7 downregulation, which is associated with a decrease in histone 3 lysine 27 acetylation (H3K27ac) at transcription start sites (TSS) and super-enhancers (SEs) prominently in stem-like BrCa cells. Importantly, these changes in chromatin landscape also correlate with the repression of many SE-associated oncogenes, including c-MYC, CD44, CDKN1B, SLUG, VDR, SMAD3, VEGFA, and XBP1. In stem-like BrCa cells, HDAC7 binds near TSS and to SEs of these oncogenes where it appears to contribute to both H3K27ac and transcriptional regulation. These results suggest that HDAC7 inactivation, directly or through inhibition of HDAC1 and HDAC3, can result in the inhibition of the CSC phenotype by downregulating multiple SE-associated oncogenes. The CSC selective nature of this mechanism and the prospect of inhibiting multiple oncogenes simultaneously makes development of HDAC7 specific inhibitors a compelling objective.
Introduction
We previously identified a cancer stem cell (CSC)-specific function for the histone deacetylases HDAC1 and HDAC7 in breast and ovarian cancer cells. Cumulatively, our results demonstrated that both HDAC1 and HDAC7 are necessary to maintain CSCs. Moreover, HDAC7 overexpression alone was sufficient to augment the CSC phenotype [1] . In brief, we showed that HDAC1 and/or HDAC7 inhibition downregulates stem cell markers CD44, CD49f, CD326, CD166, and BMI-1 in ten different breast, ovary, and colon cell lines and using six different HDAC inhibitors (HDACis). HDAC1 and/or HDAC7 siRNA knockdown and inhibition by HDACis, reduced 3D tumor sphere formation more significantly compared with 2D proliferation in vitro, and xenograft tumor growth in vivo [1] .
HDAC1, a class I HDAC family member, is associated with transcriptional repression through its deacetylase activity [2, 3] . HDAC1 is recruited by DNA-binding transcription factors and is present in repressor multiprotein * Corrado Caslini ccaslini@med.miami.edu * Tan A. Ince TInce@med.miami.edu complexes with Sin3, nucleosome-remodeling deacetylase (NuRD) and REST corepressor 1 (RCOR1/CoREST) [3, 4] . For example, an HDAC1 and NuRD complex was found at transcription start sites (TSS) and active enhancers, where it contributes to their repression during embryonic stem cell (ESC) differentiation, and at super-enhancers (SEs) [5, 6] . Thus, in general HDAC1 inhibition has been associated with transcriptional activation of target genes. HDAC7, a class II HDAC family member, is also associated with a number of transcription factors and corepressors including MEF2A/C/D [7, 8] , STAT3 [9] , HIF-1α [10] , ERα, FOXP3 [11] , KLF4 [12] , RUNX2 [13] , FOXA1 [14] , nuclear receptor corepressor 1 (NCOR1), and nuclear receptor corepressor 2/silencing mediator for retinoid or thyroid hormone receptors (NCOR2/SMRT) [15] . However, the mechanism of transcriptional regulation by HDAC7 is more complex. While HDAC1 actions are dependent on its enzymatic activity, HDAC7 can mediate transcriptional repression by deacetylase-independent mechanisms [8, 13, 16] . In addition, while HDAC1 is predominantly associated with repression, HDAC7 can be associated with both transcriptional activation and repression. For instance, in hematopoietic malignancies, such as pro-B acute lymphoblastic leukemia and Burkitt lymphoma, ectopic expression of HDAC7 represses c-MYC transcription, induces apoptosis and inhibits in vivo oncogenic potential. In contrast, in cervix, breast, and colon epithelial cancer cell lines, such as HeLa, MCF7, and HCT-116, HDAC7 knockdown results in c-MYC repression and consequent increase in p21 Cip1 and p27 Kip1 protein levels [17, 18] . In human embryonic kidney HEK293 cell line, hypoxiaassociated transcriptional activation is associated with cotranslocation of HDAC7 and HIF-1α into the nucleus and interaction with histone acetyltransferase p300 [10] . Thus, HDAC7 seems to activate or repress gene transcription depending on cell lineage (hematopoietic vs. epithelial), as well as microenvironmental context (normoxia vs. hypoxia).
While HDAC1 has been studied in many cancer types before [19] [20] [21] , the role of HDAC7 has been emerging more recently. Since we first reported a specific role for HDAC7 in regulating CSCs, several papers showing that HDAC7 correlates with poor patient outcome, drug resistance, and metastasis in ovarian cancer and gastric cancer have been published [22, 23] . Recently, it was shown that HDAC7 also promotes lung, colorectal cancer, and salivary tumorigenesis [24] [25] [26] .
Pan-HDACis that inhibit all 11 HDACs, such as SAHA (Vorinostat), have been widely used to target many types of cancer. More recently, several class-specific HDACis have been developed. While MS-275 (Entinostat) and MGCD0103 (Mocetinostat), members of the benzamide class of HDACis, were developed as specific inhibitors of HDAC1 and HDAC3 (HDAC1/3) enzymatic activity, we recently reported that these drugs unexpectedly also downregulate HDAC7 protein levels [1] . Interestingly, HDAC7 is also specifically downregulated by pan-HDACis (Vorinostat and Trichostatin A [TSA]); while these drugs inhibit the enzymatic activity of the entire HDAC family, they only seem to downregulate HDAC7 transcript and protein levels, with limited or no effects on the protein levels of other class I and II HDAC family members [27, 28] . These observations raise the possibility that HDAC7 might be one of the downstream convergence points for the actions of both class I and II HDACs.
Here we report that HDAC1, along with HDAC3, regulate HDAC7 expression, which in turn maintains histone 3 lysine 27 acetylation (H3K27ac) near TSS and to SEs and contributes to the expression of SE-associated oncogenes in stem-like BrCa cells. Enhancers are key cis-regulatory elements that can regulate gene transcription independent of distance and orientation through their juxtaposition to gene promoters as a result of folding and looping of the chromatin filament within topologically associating domains along the chromosome [29] . SEs are clusters of enhancers initially identified in mouse embryonic stem cells (mESCs) that are associated with H3K27ac enrichment. In addition, SEs are associated with Oct4, Sox2 and Nanog, and Mediator complex on genes that control mESC pluripotent state [30] . It was found that Hdac1 accumulates at SEs along with other components of the NuRD complex, the bromodomain protein family member Brd4, the histone acetyltransferase p300, and RNA polymerase II (RNA pol II) [6] . SEs are also found in other cell types, usually associated with key cell identity genes where they confer higher transcriptional activity than of genes associated with typical enhancers. Our findings suggest that inactivation of HDAC1/3-HDAC7 axis may inhibit SE-associated oncogene expression in CSCs, which can be a promising pathway to target for developing novel breast cancer (BrCa) therapies.
Results

MS-275 (Entinostat) represses HDAC7 in BrCa cells with stem-like phenotype
Previously, we reported that both HDAC1 and HDAC7 are necessary to maintain the CSC phenotype in breast and ovarian cancer cells and HDAC7 overexpression alone is sufficient to augment the CSC phenotype [1] .
We now found that MS-275 (Entinostat), which is a HDAC1 and HDAC3 specific inhibitor, downregulates HDAC7 mRNA and protein in CSC-like BPLER cells. Importantly, HDAC7 mRNA and protein reduction in nonstem tumor cell (nsTC)-like HMLER cells by MS-275 was less pronounced (Fig. 1a, b ). While HDAC7 mRNA downregulation (1.7-to 2.0-fold) is observed within 6 h of MS-275 treatment ( Fig. 1a ), HDAC7 protein reduction is detected after 24 h ( Fig. 1b and S1). There was no change in HDAC1 levels (Fig. 1b ). In addition, MS-275 increased In contrast, c-MYC and VDR transcript levels were reduced 2.2-and 1.9-fold at 24 h only in BPLER2 cells and HDAC1 transcription remained unaffected in both cell populations. Transcript levels were normalized to ACTB and B2M and expressed relative to values in vehicle control (DMSO). Results of real-time quantitative RT-PCR from three independent repeats were plotted in bar chart using logarithmic scale, error bars represent standard deviation. b Treatment with 1 μM MS-275 for 24 h reduced HDAC7, c-MYC, and VDR (upper isoform) protein levels in BPLER2 but not in HMLER2 cells. HDAC1 protein level remained largely unaffected while total H3K27ac levels increased considerably in both cell populations. Immunoblots of whole cell lysates were probed with the indicated antibodies, GAPDH and ACTB were used as loading control. c Treatment with 1 μM MS-275 for 24-48 h reduced HDAC7 (≥12-fold) and c-MYC (≥2-fold) mRNA levels in CSCenriched SUM159 cells but not in ERα + MCF7 cells. The mRNA for VDR increased up to 3.4-fold only in MCF7 cells. d Treatment with 1 μM MS-275 for 24 h reduced HDAC7 and c-MYC protein levels in SUM159 but not in MCF7, increased total H3K27ac in either BrCa cell line with no detectable change in HDAC1 protein levels histone acetyltransferase p300 and total H3K27ac within 6 h followed by total H3K27ac accumulation and p300 depletion at 24 h of treatment in both stem-like and nonstem BrCa cells, consistent with its HDACi activity ( Fig. 1b and S1A). However, we observed an opposite effect around the TSS of many stem cell-associated transcription factor (SCTF) genes analyzed in CSC-like BPLER cells, in which MS-275 decreased H3K27ac (n = 50/84) and histone 3 lysine 9/14 acetylation (H3ac) (n = 59/84) ( Fig. S2 ). Accordingly, MS-275 treatment decreased expression of SCTFs, such as c-MYC and VDR in CSC-like BPLER cells. No change in c-MYC and VDR mRNA and protein levels were detected in nsTC-like HMLER cells in response to MS-275 treatment ( Fig. 1a, b) .
The above results were confirmed in CSC-enriched BrCa cell line (SUM159) vs. a BrCa cell line that is not as CSCenriched (MCF7) [31] . Similar to BPLER/HMLER pairs, MS-275 treatment downregulated HDAC7 and c-MYC mRNA and protein in CSC-enriched SUM159 cell line without significant change in MCF7 ( Fig. 1c, d ) and increased total H3K27ac in both cell lines ( Fig. 1c, d ).
In summary, inhibition of HDAC1/3 by MS-275 represses HDAC7 more prominently in CSC-enriched cells (BPLER and SUM159), decreases H3K27ac and H3ac around the TSS of many SCTF genes and reduces their mRNA and protein levels, while increasing H3K27ac globally.
HDAC1/3/7 inhibition by MS-275 reduces H3K27ac at stem cell transcription factor genes
H3K27ac modifications are typically deposited on histones located next to transcriptionally active TSS, enhancers, and SEs by histone acetyltransferases p300 and CREB-binding protein [6, 32] . We found that while MS-275 treatment increased H3K27ac globally through HDAC1/3 inhibition ( Fig. 1b and S1A), it also produced the opposite effect at the promoters of SCTF genes (n = 50/84), such as c-MYC, VDR, RB1, EZH2, c-JUN, HOXA2, and HOXA10 (Fig. S2) .
These results prompted us to examine the genome-wide changes in H3K27ac produced by MS-275. Hence, we carried out ChIP-seq analysis in CSC-like BPLER cells treated with MS-275 and found 13,804 H3K27ac peaks at TSS and 24,095 peaks at putative enhancers that are decreased with MS-275 ( Fig. 2a ). In particular, there was a decrease in H3K27ac at the promoter-proximal regions of SCTF genes, including c-MYC, VDR, RB1, EZH2, RUNX1, c-JUN, HOXA2, and HOXA10 in CSC-like BPLER cells ( Fig. 2b and S3A , B), which was not observed in nsTC-like HMLER cells ( Fig. S3C ). Interestingly, HDAC7 is among the genes with reduced H3K27ac at TSS after MS-275 treatment (Fig. 2b ). The reduction in H3K27ac peaks extended several kb beyond the TSS of c-MYC, HDAC7, VDR, RUNX1, c-JUN, and HOXA genes both into intergenic and intragenic regions, similar to the pattern that was identified at SEs [6] .
HDAC1/3/7 inhibition by MS-275 reduces H3K27ac at SE-associated genes specifically in stem-like BrCa cells
Next, we examined the changes in H3K27ac distribution specifically at SEs following MS-275 treatment in CSC-like BPLER cells with ChIP-seq. In general, SEs are identified as clusters of enhancers enriched in H3K27ac and associated with oncogenes, such as c-MYC in cancer cells [6, 33] . We found that H3K27ac is reduced in 1427 of the 1870 SEs after MS-275 treatment in BPLER cells ( Fig. 2c ; Supplementary Table 1 ) [30, 33] .
In order to examine the MS-275 induced H3K27ac changes at SEs that are associated with BrCa, we first gathered a list of 1287 malignancy-associated SEs that were identified in multiple malignant neoplasms including small cell lung cancer, multiple myeloma, and glioblastoma after excluding noncoding RNAs, microRNAs, histone variants, and unidentified genes ( Fig. 2d ; Supplementary Table 2 ) [33] . Next, we determined the BrCa-associated SEs. We found that 447 of the 1287 malignancy-associated genes are implicated in breast cancer in previously published studies and 81% of these genes (n = 361/447) were associated with H3K27ac at TSS/SEs in CSC-like BPLER cells. Moreover, MS-275 treatment decreased H3K27ac in 61% of these BrCa/SE associated genes (n = 221/361) including c-MYC, CD44, CDKN1B, BCL-XL, SLUG, VDR, SMAD3, VEGFA, XBP1, and HDAC7 ( Fig. 2b, d, S3A , B and Supplementary Table 2 ).
These results indicate that, 361 out of 447 malignancyassociated SEs identified in BrCa are potential targets of HDAC1/3/7 regulation.
HDAC1/3/7 inhibition by MS-275 activates transcription in BrCa cells
HDAC activity generally correlates with transcriptional repression due to removal of histone acetyl groups that leads to a more compact chromatin. Thus, inhibition of HDACs would be expected to correlate with transcriptional activation, as it was reported in BrCa cell lines in response to MS-275 [34] . We confirmed these results for several genes that are not typically associated with SEs such as DHRS2, CLU, and CDKN1A, which are upregulated with MS-275 treatment in both nsTC-like HMLER and CSC-like BPLER cells and in four other BrCa cell lines ( Fig. 3a and S4A) [31, 33, 34] . Moreover, in BPLER cells no significant change was observed in H3K27ac peak levels at DHRS2 and CLU genes, with a decrease at CDKN1A locus with MS-275 treatment ( Fig. S5A ; Supplementary Table 1 ). Coverage profiles for H3K27ac enrichment at non-TSS sites (>1 kb) also showed broad distribution of H3K27ac at 25,095 putative enhancers and SEs, which was reduced following MS-275 treatment. b ChIP-seq profiling in BPLER2 cells revealed reduction in H3K27ac peaks near TSS and to SEs of c-MYC, HDAC7, and VDR genes with MS-275 treatment. c Super-enhancers ranking plot based on H3K27ac signal using the ROSE algorithm [30, 33] . Under normal growth condition (DMSO treatment), we identified 1870 putative SE regions characterized by elevated levels of H3K27ac in CSC-like BPLER cells, which are reduced to 573 H3K27ac peak regions in cells under MS-275 treatment (see Supplementary Table 1 ). d Venn diagram showing the 1287 SE-associated genes (SEs) previously identified in MM, GM, and SCLC [33] , among which 447 have been implicated in breast cancer (BrCa) according to the literature. Of these 447 BrCa/SEassociated genes, 361 demonstrated moderate to high H3K27ac peak levels at either proximal or overlapping SEs in BPLER2 cells (see Supplementary Table 2 ). With MS-275 treatment, nearly two thirds (61%) of BrCa/SE/H3K27ac associated genes (221/361) demonstrated maximum (117; ↓↓↓) to moderate (104; ↓↓) reduction in H3K27ac peaks, 136 (38%) demonstrated minimal reduction (= /↓), and four genes demonstrated an increase in H3K27ac peak levels (↑↑). The remaining 86 BrCa/SE-associated genes had no H3K27ac signal in BPLER2 cells
HDAC1/3/7 inhibition by MS-275 represses stem cell transcription factor genes
While HDAC1/3/7 inhibition has been generally correlated with transcriptional activation as described in the previous section, we observed the opposite result in SCTF genes such as c-MYC and VDR in stem-like BrCa cells ( Fig. 1 ).
We extended this observation to additional SCTF genes including EZH2, RB1, EP300, HOXA2, and HOXA10, which responded to MS-275 with decreased mRNA (1.8-to 6.2-fold) and reduced H3K27ac and H3ac peaks around their TSS in CSC-like BPLER cells ( Fig. 3b and S3A, B) . These results indicate that a subset of SCTF genes may be differentially regulated by HDAC1/3/7 in stem-like BrCa cells, compared with global transcriptional regulation by these HDACs.
HDAC1/3/7 inhibition by MS-275 represses SEassociated gene transcription in stem-like BrCa cells
Next, we examined whether BrCa/SE-associated genes are also differentially regulated by HDAC1/3/7 in CSCs. We found that MS-275 reduced H3K27ac peaks in BrCa/SE -associated genes in stem like BPLER cells ( Fig. S3 ; Supplementary Table 2 ). Consistent with this, we also found that the majority (15 out of 21) of BrCa/SE-associated genes responded to MS-275 with 1.6-to 15.0-fold decrease in mRNA levels in CSC-like BPLER cells ( Fig. 3c ). Among these, c-MYC, CD44, CDKN1B, SLUG, VDR, SMAD3, and VEGFA are among the most cited in BrCa literature. In SEassociated genes without H3K27ac, such as BCL2, there was no response to MS-275. On the other hand, in agreement with previous reports on the repressive functions exerted by HDAC1 on c-JUN and ID1 gene expression [35, 36] , HDAC1/3/7 inhibition demonstrated a 1.6-to 2.1fold increase in ZFP36, c-JUN, and ID1 transcript levels despite a reduction in H3K27ac peaks at SEs associated with c-JUN and ID1 ( Fig. 3c and S5B ). In nsTC-like HMLER cells, only VEGFA, CDKN1B, and XBP1 demonstrated a 1.7-to 2.2-fold decrease in transcript levels in agreement with a less pronounced MS-275 repression of HDAC7 (4.5-fold) on these cells.
In order to confirm these results in additional models, we examined the CSC-enriched SUM159 and SUM149 cell lines [31] , in which many of the BrCa/SE-associated genes (7/18 and 13/18 respectively) including c-MYC, CDKN1B, BCL2, SMAD3, VEGFA, and XBP1 responded to MS-275 and HDAC7 downregulation, with 1.7-to 23.8-fold reduction in mRNA levels. Similar to BPLER, the control genes c-JUN, ZFP36, and ID1 were activated by MS-275 treatment in SUM159 cells ( Fig. 3d and S4B ). In contrast, nearly equal number of BrCa/SE-associated genes were upregulated (3-4/18) and downregulated (2-3/18) in ERα + MCF7 and MDA-MB-157 in response to MS-275 treatment, consistent with the lack of HDAC7 repression in these BrCa cell lines ( Fig. 3d and S4C ).
Cumulatively these data indicate that M-275 inhibition of HDAC1/3/7 axis differentially alters H3K27ac landscape and gene transcription in breast CSCs vs. nsTCs, particularly in SE regulated oncogenes and SCTFs (Fig. S6 ). Short-term HDAC1 knockdown alone is sufficient to downregulate HDAC7
In the above experiments we used a HDAC1/3 inhibitor MS-275, which specifically downregulates HDAC7 in stem-like BrCa cells, suggesting that HDAC7 expression might be regulated by HDAC1 and/or HDAC3. Since drugs that inhibit HDAC1 or HDAC3 individually are not available, we next used HDAC-specific siRNAs in the remainder of the experiments to examine the role of HDAC1 and HDAC3 separately and in combination.
While HDAC1 knockdown for 72 h by siH1 did not change HDAC7 mRNA expression ( Fig. 4a ), it resulted in reduced HDAC7 protein (Fig. 4b ). However, in contrast with MS-275, there was no significant change in c-MYC or VDR expression (mRNA and protein), total H3K27ac or H3ac levels ( Fig. 4a, b ).
HDAC7 knockdown for 72 h by siH7 resulted in 1.7-to 2.3-fold reduction in c-MYC, HDAC1, and VDR mRNA only in BPLER cells (Fig. 4a ). However, there were no associated changes in protein expression at this short-time point (Fig. 4b) .
Therefore, the decrease in HDAC7 protein can be induced by short-term HDAC1 knockdown alone, without inhibition of HDAC3. Furthermore, the reduction in HDAC7 protein precedes changes in HDAC7 and c-MYC mRNAs, or total H3K27ac/H3ac, suggesting that this activity is not through HDAC7 transcriptional regulation by c-MYC or H3K27ac/H3ac.
Long-term HDAC7 knockdown represses SCTFs in stem-like BrCa cells
HDAC7 knockdown was previously shown to repress c-MYC expression in HeLa, HCT-116, and MCF7 cell lines [18] . Since short-term HDAC1 or HDAC7 knockdown did not produce the reduction in SCTFs such as c-MYC, EZH2, and VDR that was previously observed by MS-275 (Fig. 1) [1], we next evaluated long-term HDAC1 and HDAC7 depletion with two consecutive rounds of knockdown up to 6 days.
In CSC-like BPLER cells, two rounds of HDAC7 knockdown resulted in reduction of c-MYC and CD44 proteins and changes in VDR isoforms expression without significantly affecting HDAC1 or EZH2 mRNA or protein levels (Fig. 5a, b ). As previously shown in HeLa cells [18] , cell-cycle inhibitor p27 Kip1 is upregulated by long-term HDAC7 knockdown in BPLER cells, likely due to c-MYC repression (Fig. 5b) [37] .
It appears that while HDAC7 expression is downregulated with short-term HDAC1 knockdown (Fig. 4b) , it recovers during long-term knockdown in BPLER2 cells ( Fig. 5c and S7A ). Consistent with this observation, we found that long-term HDAC1 knockdown alone resulted in no major changes in c-MYC, CD44, VDR, or EZH2 expression in BPLER cells, with partial to no reduction in HDAC7 protein levels ( Fig. 5c and S7A) .
In nsTC-like HMLER cells there was no change in c-MYC, CD44, EZH2, VDR, or p27 Kip1 expression after extended HDAC1 or HDAC7 knockdown and no change in HDAC7 protein levels by long-term HDAC1 depletion (Fig. 5a, b and S7A) , which is consistent with the absence of any MS-275 downregulating effect on SCTFs in these cells.
Long-term HDAC1/3 double knockdown maintains HDAC7 downregulation in stem-like BrCa cells
Inhibition of HDAC1/3 with MS-275 downregulates both HDAC7 and SCTFs in stem-like BrCa cells (Fig. 1) . In contrast, HDAC1 knockdown alone produces only partial HDAC7 loss and no SCTFs downregulation. Therefore, we siRNAs as control resulted in stable HDAC1 and HDAC7 knockdown in BPLER2 and HMLER2 cell populations. In HDAC7-depleted BPLER2 cells, there was significant reduction of c-MYC and CD44, alterations in VDR isoforms and p27 Kip1 upregulation. HMLER2 cells revealed only minimal or no change in c-MYC, CD44, VDR, EZH2, or p27 Kip1 protein levels after second run of transfection with siH1 and siH7, which is consistent with a lack of MS-275 effect on these cells. c Long-term HDAC1 and HDAC3 double knockdown by combined suboptimal siH1 and siH3 concentrations resulted in reduced HDAC7 protein levels in CSC-like BPLER cells, which is also accompanied by a decrease in c-MYC and CD44 protein levels and change in VDR isoforms expression when compared with siH1/NT and siH3/NT siRNA combinations. Immunoblots of whole cell lysates were probed with the indicated antibodies, ACTB was used as loading control examined the role of HDAC3. Interestingly, long-term HDAC3 knockdown with HDAC3-specific siRNAs (siH3) in CSC-like BPLER cells did not significantly affect HDAC7 expression. In contrast, the long-term HDAC1/3 double knockdown did reduce HDAC7, as well as c-MYC and CD44 protein levels (Fig. 5c ).
These results indicate that the long-term HDAC1/3 double knockdown mimics MS-275 (Entinostat) in maintaining HDAC7 downregulation, which is necessary and sufficient for repression of c-MYC and CD44 expression in stem-like BrCa cells.
HDAC7 knockdown decreases total H3K27ac in stem-like BrCa cells
We next used H3K27ac that is associated with transcriptionally active chromatin as a marker to examine the changes produced by HDAC1/3 and HDAC7 depletion.
Consistent with the general repressive activity of HDACs, we found that inhibition of HDAC1/3 by MS-275 results in a global increase in H3K27ac levels in both stemlike and nonstem BrCa cells (Fig. 1b, d and S1A). In agreement with this, long-term knockdown of HDAC1 and HDAC3 with combined siH1 and siH3 also increased total H3K27ac levels in CSC-like BPLER cells, mimicking the MS-275 effect. Interestingly, selective long-term knockdown of HDAC3 with siH3 was sufficient to increase total H3K27ac levels indicating that this activity of MS-275 is likely to be through HDAC3 inhibition (Fig. 6a) .
In contrast, selective long-term downregulation of HDAC7 directly with siH7 ( Fig. 6b ) or indirectly through siH1 ( Fig. S7 ) resulted in a significant decrease in total H3K27ac levels in CSC-like BPLER cells. Furthermore, in nsTC-like HMLER cells neither HDAC1 nor HDAC7 knockdown had any effect on total H3K27ac levels ( Fig. 6b  and S7) .
These results demonstrate a significant difference between HDAC7 and HDAC1/3 function. The total H3K27ac levels are increased by HDAC1/3 inhibition with MS-275 or HDAC3 knockdown in all cells we tested. In contrast, the total H3K27ac levels are decreased by HDAC7 knockdown, and this is observed only in CSC-like BPLER cells and not in nsTC-like HMLER cells.
HDAC7 regulates global gene expression differentially in stem-like vs. nonstem BrCa cells
In order to evaluate the role played by HDAC7 in transcriptional changes induced by MS-275, we performed RNA-seq analysis after 72 h HDAC7 knockdown.
HDAC7 knockdown by siH7 altered the expression of threefold as many genes in BPLER vs. HMLER cells (2545 vs. 763), with the two cell lines sharing altered expression of 328 genes. In contrast, HDAC1 knockdown by siH1 resulted in nearly equal number of altered transcripts in BPLER vs. HMLER cells (3187 vs. 2627), with the two cell lines sharing altered expression of 637 genes ( Fig. 7a ; Supplementary Table 3 ). In addition, HDAC7 knockdown resulted in alterations of significantly fewer gene transcripts compared with HDAC1 knockdown (508 vs. 2681) in HMLER cells (Fig. S8A) . Our results cumulatively indicate that HDAC7 knockdown causes more significant changes in overall transcription in CSC-like cells compared with nonstem like tumor cells.
HDAC7 regulates SE-associated gene expression differentially in stem-like vs. nonstem BrCa cells
Next, we examined the regulation of 1870 SE regions identified in CSC-like BPLER cells (Fig. 2c) . Similar to the global changes, we found that HDAC7 knockdown caused more significant alterations in BrCa/SE-associated gene transcripts in CSC-like BPLER (210 down and 181 up) compared with nsTC-like HMLER cells (84 down and 77 up), with 58 repressed and 27 activated genes shared between the two HDAC7-depleted cell lines ( Fig. 7b ; Supplementary Table 3 ). In contrast, HDAC1 knockdown resulted in nearly equal number of changes in BPLER vs. HMLER (458 vs. 404) with the two cell lines sharing altered expression of 107 BrCa/SE-associated genes.
Furthermore, in HMLER cells, HDAC7 knockdown resulted in alterations of significantly fewer BrCa/SE-associated gene transcripts compared with HDAC1 knockdown (112 vs. 377); especially in activated (38 vs. 220) transcripts ( Fig. S8B) , in agreement with a CSC-specific regulation of BrCa/SE-associated gene expression by HDAC7.
We confirmed the above RNA-seq results with real-time quantitative RT-PCR analysis in a subset of BrCa/SEassociated genes. The short-term knockdown of HDAC7 resulted in repression (1.7-to 4.6-fold) in 50% (9/18) of BrCa/SE-associated genes tested in CSC-like BPLER cells vs. 22% (4/18) in nsTC-like HMLER cells (Fig. S9A) . In contrast, knockdown of HDAC1 resulted in repression of only 1 out of 18 BrCa/SE-associated genes in BPLER cells and increased expression (1.7-to 3.6-fold) of 4 and 6 genes in BPLER and HMLER cells, respectively (Fig. S9B) .
We found that 127 BrCa/SE-associated genes are repressed by both HDAC1 and HDAC7 knockdown in CSC-like BPLER cells. It is beyond the scope of this initial study to examine the relative contribution of each of these genes to the CSC phenotype. Nevertheless, as a proof-ofconcept we selected two cytokines IL6 and IL34 for functional testing among these 127 genes (Fig. S8B ; Supplementary Table 3 ). Interestingly, while IL6 is a well-known factor that stimulates CSC phenotype, IL34 was an unexpected finding that has not been examined in epithelial tumors. We found that IL34 alone and in combination with IL6 stimulated mammosphere formation, which is a functional assay for CSCs (Fig. S10) .
Cumulatively, these results highlight that HDAC7 regulates nearly three times as many genes in stem-like compared with nonstem BrCa cells. In contrast, HDAC1 regulates equal number of genes in the same cell context, suggesting a predominant association of HDAC7 with the CSC phenotype.
HDAC7 directly regulates transcriptional activity at SE-associated genes
In order to confirm direct binding of HDAC7 to the BrCa/ SE-associated genes, we carried out Quantitative chromatin immunoprecipitation (qChIP) analysis and found that HDAC7 knockdown in CSC-like BPLER cells resulted in a 3.2-to 11.1-fold reduction in HDAC7 binding to BrCa/SEassociated c-MYC, c-JUN, SMAD3, CDKN1B, BHLHE40, VDR, VEGFA, and CD44 gene loci (Fig. S11A) . Importantly, the decrease in HDAC7 binding to BrCa/SE-associated SMAD3, c-MYC, VEGFA, and VDR gene loci were coupled with a 1.7-to 2.6-fold decrease in mRNA ( Fig.  S9A ), suggesting that these genes are under a positive transcriptional control by HDAC7. In these experiments, HDAC7 binding was also reduced at SE regions overlapping the HDAC7 locus, suggesting an autoregulation mechanism.
As shown above, short-term HDAC1 knockdown results in partial reduction in HDAC7 protein levels without decrease in BrCa/SE-associated gene transcripts (see Fig. 4 and S9B). Consistent with these findings, there was no significant change in HDAC7 binding in the majority of the BrCa/SE-associated genes (seven out of ten) following HDAC1 knockdown (Fig. S11B ). In addition, SE regions in the VDR locus revealed a significant increase in HDAC7 binding directly correlated with an increase in VDR mRNA levels following HDAC1 depletion (Figs. S11B and S9), once again in support of a positive VDR transcriptional control by HDAC7.
In summary, HDAC7 knockdown results in reduced HDAC7 binding to TSS and SEs, coupled with decreased H3K27ac and mRNA expression of SCTF and BrCa/SEassociated genes, specifically in stem-like BrCa cells.
Discussion
The mechanistic model we elaborate in this study (Fig. 8) is emerging from multiple comparisons that contrast the function of different HDAC isoforms (HDAC7 vs. HDAC1/3), the role of the cellular context (stem vs. nonstem cells), chromatin markers (H3 vs. H3K27ac) and SE vs. genomewide patterns.
A major question in cancer biology is how CSC differentiation phenotype is maintained over multiple generations Fig. 6 Long-term HDAC7 knockdown decreases total H3K27ac in stem-like BrCa cells. a In CSC-like BPLER2 cells, selective long-term knockdown of HDAC3 with siH3 resulted in significant increase in total H3K27ac levels (3.3-fold) indicating a major role exerted by HDAC3 in maintaining total H3K27ac homeostasis. Extensive HDAC1/3 co-depletion also increased total H3K27ac levels (2.5-fold), all effects that recapitulate the MS-275 effect on stem-like BrCa cells. b In CSC-like BPLER2 cells, serial transfection with HDAC7-specific siRNAs caused a substantial decrease in total H3K27ac levels (10.0fold). HMLER2 cells did not show substantial reduction in total H3K27ac levels following long-term HDAC1 or HDAC7 depletion. The H3K27ac levels were normalized towards total H3 levels of cell divisions. HDACs play a critical role in normal stem cell and tissue differentiation and our results suggest that CSC may appropriate a similar mechanism of regulation. At least in the case of breast CSCs HDAC7 seems to play a critical role in regulating a differentiation program involving many oncogenes and stem cell transcription factors. It is possible that other HDACs may play a similar role in other tissue types, also HDAC7 may be involved in other tumors, as suggested by recent studies in ovarian, gastric, lung, colon, and salivary cancers [19] [20] [21] [22] [23] [24] .
Regulation of HDAC7 through HDAC1/3 in breast CSCs
We previously reported that HDAC1/3/7 inactivation by MS-275 (Entinostat) and MGCD0103 (Mocetinostat) inhibits CSCs proliferation both in vitro and in vivo [1] . In addition, MS-275, which inhibits enzymatic activity of HDAC1/3, downregulates HDAC7, c-MYC, and CD44 only in CSCs and increases total H3K27ac levels. However, while knockdown of HDAC1 alone by siRNA downregulated HDAC7, it did not downregulate c-Myc and CD44 or upregulate H3K27ac, suggesting that HDAC3 may also play a role in MS-275 activity.
In this study, we found that double HDAC1 and HDAC3 knockdown produces the reduction in HDAC7, MYC, and CD44 protein levels and upregulation of H3K27ac as seen with MS-275 ( Figs. 5c and 6a) . In contrast, long-term HDAC3 knockdown was not sufficient to downregulate HDAC7, c-MYC, or CD44 protein levels (Fig. 5c ), but upregulated H3K27ac.
Cumulatively these results suggest that MS-275 downregulates HDAC7 through HDAC1, upregulates H3K27ac In addition to this well-known activity, our results indicate a novel HDAC1/3 mechanism through HDAC7, which in turn maintains H3K27ac and expression of BrCa relevant, SEassociated oncogenes such as c-MYC, CD44, CDKN1B, BCL-XL, SLUG, VDR, VEGFA, and SMAD3. [18, 42] Importantly, this HDAC1/ 3-HDAC7 axis is only active in stem-like cells and not in other cells through HDAC3, and downregulates c-MYC and CD44 through combined inhibition of HDAC1 and HDAC3.
Breast CSC specific regulation of H3K27ac and SEs by HDAC7
Increased H3K27ac is associated with transcriptionally active chromatin. Our results indicate that HDAC1/3 and HDAC7 differentially alter H3K27ac landscape and gene transcription in breast CSCs vs. nsTCs.
We discovered a significant difference between HDAC7 vs. HDAC1/3 function in the regulation of H3K27ac in CSCs. While HDAC3 knockdown, or HDAC1/3 inhibition by MS-275, increased total H3K27ac levels in both stem and nonstem BrCa cells, HDAC7 knockdown reduced total H3K27ac levels, but only in CSCs and not in other cells.
Furthermore, we found that HDAC7 knockdown altered the expression of more than threefold as many genes in breast CSCs vs. nonstem BrCa cells, including SE and malignancy associated genes. In contrast, HDAC1 knockdown altered similar number of SE and malignancy associated genes in breast CSC vs. nonstem BrCa.
Cumulatively, these results suggest that HDAC7 is more closely associated with the CSC phenotype compared with HDAC1 and HDAC3. Furthermore, results from many studies suggest that HDAC7 may be a downstream target for the entire HDAC family. While all tested HDACis such as SAHA (Vorinostat), TSA, sodium butyrate, Entinostat, Mocetinostat, and valproic acid inhibit selective or the entire members of the HDAC family, these agents specifically downregulate HDAC7, with minimal effects on other HDACs [1, 27, 28, 38] .
Pan-HDAC inhibitors have been used in the clinic to treat several cancer types. These drugs inhibit all 11 HDAC family members and their mechanism of action has been difficult to discern due to their nonspecificity. It stands to reason that such a broad spectrum may produce side effects to limit their use in the clinic. Our results suggest that selective inhibition of HDAC7 may suffice to achieve the anti-CSC activity of pan-HDACis.
Activation of transcription by HDACs
Despite the seemingly global control of gene expression by HDAC proteins, it is reported that less than 5-10% of gene transcription is influenced by HDAC inhibitors. Moreover, approximately equal numbers of genes are upregulated or downregulated by HDACis [34, 39] .
While activation of gene expression by HDAC inhibitors is easily explained by release of repressive HDAC enzymatic activity, the mechanism of gene repression by HDAC inhibitors has been less clear. HDACs are generally thought to repress transcription through creating a compact chromatin state by enzymatically removing acetyl groups from histones. Consequently, HDACis are expected to cause transcriptional activation by inhibiting the removal of histone acetyl groups [34, 40] .
Several studies previously reported repression of gene expression by HDAC inhibitors and decrease in H3K27ac, H3ac, and H4ac near the promoters of many genes, despite an increase in total histone acetylation in breast and colon cancer cell lines [41] [42] [43] . In other studies it was shown that HDAC7 knockdown reduced RNA pol II association with c-MYC in HeLa cells [18] , and HDAC1 overexpression relieved repression of SE-associated ERBB2 and c-MYC oncogenes by HDAC inhibitors in BrCa cells [6, 42] . Transcriptional repression by HDAC inhibitors could be due to indirect secondary effects. For example, some of the genes that are directly activated by HDAC inhibitors may in turn repress secondary targets. Our results provide another potential mechanism for these seemingly unanticipated results. It appears that the simultaneous HDAC1 and HDAC3 inhibition may lead to increase in total histone acetylation and transcriptional activation. In contrast, HDAC1/3-HDAC7 axis inhibition is associated with reduced H3K27ac and repression at SE-associated genes, particularly in stem-like BrCa cells (Fig. 8) .
In summary, we previously showed that HDAC7 is overexpressed in breast, ovary, and colon CSCs. Moreover, our results indicated that HDAC7 is necessary and sufficient to maintain the CSC phenotype in these cells [1] . Independently, studies from several laboratories showed that HDAC7 expression correlates with poor patient outcome, drug resistance, and metastasis in ovarian, gastric, lung, colon, and salivary cancers [19] [20] [21] [22] [23] [24] . Interestingly, HDAC7 is the only HDAC family member that is degraded by all HDAC inhibitors tested, suggesting that it may be a point of convergence of HDAC inhibition [1, 27, 28, 38] . Here we show that HDAC7 regulates H3K27ac levels and transcriptional activity of SE-associated oncogenes and SCTFs differentially in breast CSCs vs. nsTCs, by directly binding to SEs. To our knowledge, there are no small molecules that inhibit HDAC7 selectively. Such a HDAC7-specific inhibitor can be a powerful agent to inhibit multiple oncogenes simultaneously with less side effects compared with existing pan-or class I-specific HDAC inhibitors.
Materials and methods
Cell lines and culture conditions BPLER and HMER cells were described before. [44] Both cells and BPLER culture medium (BMI-T) are available from Live Tissue Culture Service Center (contact LTCC@med. miami.edu). HMLER cells were cultured in MEGM medium (Lonza). SUM159PT and SUM149PT TNBC cell lines were cultured in F12 medium containing 5% FBS. MCF7 was cultured in DMEM medium containing 10% FBS. MDA-MB-157 was cultured in L-15 medium with 10% FBS in the absence of CO2. There were not significant changes in morphology after treatment with MS-275 or with HDAC1-, HDAC3-, and HDAC7-specific siRNAs. siRNA knockdown of HDAC1, HDAC3, and HDAC7 BPLER and HMER cells were plated at 7 × 10 5 cells per plate 24 h before transfection and transfected with a pool of 50 nM each of double-stranded RNAs using Lipofectamine RNAi-MAX (Invitrogen) in OptiMEM (GIBCO, Life Technologies) added directly to the medium. The cells were harvested 72 h later, stained with trypan blue, counted, and plated for longterm knockdown analysis. The next day, a second round of transfection was carried out under identical conditions. For double knockdown analysis, a final concentration (f.c.) of 30 nM each of the combined siRNAs was used. The siRNAs used were siGENOME Non-Targeting siRNA Pool #2, ON-TARGETplus Non-Targeting Pool, and the following SMARTpools: siGENOME and ON-TARGETplus Human HDAC7 (51564), ON-TARGETplus Human HDAC3 (8841) and siGENOME, and ON-TARGETplus Human HDAC1 (3065) siRNAs (Dharmacon, GE Healthcare).
Immunoblotting and antibodies
Whole-cell lysates of 1 × 10 6 -1.5 × 10 6 cells in RIPA buffer containing protease inhibitors were sonicated and 30-50 μg of each protein extract was resolved on 4-12% NuPAGE gels (Invitrogen). Blocking and incubation with primary and secondary antibodies were performed with 5% skim milk in phosphate-buffered saline. Rabbit polyclonal/monoclonal antibodies: anti-HDAC7 (ab12174), anti-HDAC3 (ab1791), anti-HDAC1 (ab7028), anti-H3K27ac (ab4729), and anti-c-MYC (ab32072) were obtained from Abcam, Inc. Rabbit polyclonal anti-H3ac (06-599) antibody was obtained from Millipore and anti-CD44 Pan Specific (BBA10) antibody from R&D Systems. Rabbit polyclonal/monoclonal antibodies: anti-EZH2 (#5246), anti-p27 Kip1 (#3686), and anti-GAPDH (#5174) were obtained from Cell Signaling Technology. Rabbit polyclonal anti-VDR (sc-1008), anti-p300 (sc-584), and mouse monoclonal anti-ACTB (sc-69879) antibodies were obtained from Santa Cruz Biotech. Horseradish peroxidase-conjugated secondary antibodies were obtained from Amersham Biosciences. The protein bands were visualized with SuperSignal West Dura or Femto ECL substrate (ThermoScientific). All experiments were repeated a minimum of three times. Autoradiographic signals were quantified by densitometric analysis using ImageJ from National Institute of Health.
Real-time RT-PCR analysis
Total RNA preparations were cleaned with Turbo DNA-Free Kit (Ambion), quantified, and reverse-transcribed in equal amounts with random primers using SuperScript III reverse transcriptase (Invitrogen) at 55°C or qScript XLT cDNA SuperMix (Quanta Biosciences) at 42°C. For SYBR green incorporation-based, real-time PCR analysis of HDAC1, HDAC7, SCTF, and SE-associated genes, primers ( Supplementary Table 4 ) and PCR conditions described previously were used along with SsoFast EvaGreen Supermix (Bio-Rad) or PerfeCta SYBR Green FastMix (Quanta, Biosciences). The results were normalized toward real-time PCR analysis of human β-actin (ACTB), and β-2microglobulin (B2M) expression levels. Relative quantification of gene transcripts was performed using the comparative threshold cycle method on the CFX96 Real-Time Detection system and analysis software (BioRad).
RNA-seq analysis
DNase I-treated total RNA preparations were qualitatively validated by Eukaryote Total RNA 6000 Nano analysis on 2100 Bioanalyzer (Agilent) and libraries were prepared using the KAPA RNA HyperPrep kit according to manufacturer instructions (KAPA). Libraries were sequenced on a 75 bp paired-end run using the NextSeq 500 High Output Kit (150-cycle; 400 M flow cell). RNA-seq data were uploaded to the Galaxy web platform and we used the public server at galaxy.org to analyze the data [45] . RNAseq data sets were aligned using HISAT2 (version 2.1.0) to reference version NCBIv37/hs19 of the human genome; transcript assembly, quantification, and merging with StringTie (version 1.3.4). Number of reads per transcript was counted using feature counts (version 1.6.3) and differential expression analysis was performed using DESeq2 (version 2.11.40.2). A cutoff of 0.6 < log2 < −0.6, p < 0.05 was applied for the identification of genes with significant differential expression.
Chromatin immunoprecipitation and real-time PCR analysis
qChIP analysis was carried out as previously described [40] . After MS-275 or siRNA treatment, BPLER2, and HMLER2 cells were crosslinked for 10 min at RT by adding formaldehyde to an f.c. of 1%. The reaction was stopped by adding glycine to 0.125 M f.c. and the cells were resuspended in SDS lysis buffer (50 μM Tris-Cl, pH 8.0; 10 μM EDTA; 1% SDS; 1 μM PMSF) plus complete protease inhibitor cocktail tablets (Roche). The chromatin was sonicated 10-25 cycles of 30 s ON and 30 s OFF each at High setting on a Bioruptor sonication system (Diagenode)
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